Beta-Ray Sources and Spectra

Sources of External Beta-Ray Hazards
Beta-ray2 emitters may provide hazards in a wide variety of circumstances-around nuclear reactors (fission and activation products) and accelerators, in the processing of nuclear fuel, in industrial and biomedical applications of radioactive isotopes and in research. Around reactors, the relative importance of different fission products depends very much on the conditions oftheir release, the duration of irradiation of the fuel, and the time between release and receipt of a dose, but the following nuclides usually provide most of the external beta-ray hazard: 89Sr , 90Sr _90Y, 91Y, 95Z r _95Nb, 99Mo, 103Ru, 106Rh, 131 1, 132Te, 134CS, 137CS, 140Ba_ 140 La, 141Ce, 143Pr, 144Ce_ 144 Pr and 147Pm. In the event of release of only noble gases from the reactor, the primary external beta-ray hazards may be from 41Ar, 85Kr, 87Kr, 88Kr, 88Rb, 133Xe, 135Xe and 138CS. Among activation products (found for example in hot particles), the major beta-ray hazards are usually from 58CO, 60CO, 59Fe, 56Mn, 122Sb and 124 Sb, while around accelerators, 24Na, 52Mn, 62CU and 64CU may also be important. Beta-ray emitters with maximum energies below about 70 keV (e.g., tritium), that cannot penetrate to a depth of 70 p,m, are not usually considered to be a significant external hazard. Examples of typical contamination around reactors are given by Heinzelmann (1991) . In the processing of unirradiated reactor fuel, most ofthe beta-ray hazard is from 234Pa m • Beta-ray hazards in research include those from nuclides designated (ISO, 1991) as standards (14C, 90Sr _90Y, l06Rh, 147Pm, 204Tl) , and those used for investigations relevant to dosimetry, such as 32P, 35S, 60CO, 170Tm and 210Bi.
In nuclear medical diagnostics, beta-ray emitters have largely been replaced by electron-capture nuclides (exceptions are 99Mo and 1291). Some of these-57CO, 67Ga, 99Tc m , ll1In and 201TI-emit monoenergetic electrons of between 80 and 250 keV (as well as lower energy electrons that do not penetrate to 0.07 mm). The hazard of these radionuclides is increased because the quotient H'(0.07)/fiuence has its maximum value in this range (Figure 7 .1). Beta-ray emitters used for therapy (e.g., 32P, 90Y, 106Rh, 131 1 and 198Au) also provide external hazards to medical personnel.
Calculation of Beta-Ray Spectra
Knowledge of beta-ray spectra is important for the understanding of beta-ray penetration and as input to calculations of dose distributions. Differences in spec-tral shapes are primarily responsible for variations in the shapes of dose distributions from different beta emitters (e.g., see Figure 6 .10). They also affect the interpretation of beta-ray measurements by their effect on the response of dosimeters and instruments. Because of the wide variation in spectral shapes, the characterization of a beta-ray spectrum by its maximum energy or mean energy may not be adequate. This section discusses how the beta-ray spectra given in Appendix D were calculated. More detailed spectral calculations are described by Gove and Martin (1971) .
For most important beta ray spectra, the relative number of beta rays per MeV, N(W), can be calculated with uncertainties of a few percent. For a single (unnormalized) component, N(W) can be written, apart from an energy-independent factor, (Konopinski,1966 )
where W is the total energy of the electron
Wo is the corresponding value at the maxium electron energy, p = (W2 -1)112 is the electron momentum in units of meC, me is the electron mass and C is the velocity of light, Z is the atomic number of the daughter nucleus, F(Z, W) is the Fermi factor (discussed below) and an(Z, W) is a shape factor for a transition of order of forbiddenness n.
When an(Z, W) = 1, the spectrum is said to have an "allowed" shape. The Fermi factor accounts for the distortion of the spectrum by the Coulomb force between the nucleus and the emitted electron. Accurate calculations of F(Z, W), that hold at all Z's and energies of interest, have been carried out by a number of authors, and accurate tables of F(Z, W) are available (e.g., Behrens and Janecke, 1969). They are based on numerical solution of the Dirac equation for a charge distributed throughout the nucleus. For values of Z up to about 30, a good approximation to these values can be obtained by a much simpler and widely used calculation, based on the assumption that the charge is at a point (Fermi, 1934) . The resulting value of F(Z, W) is then TCx + iy) is the complex gamma function. The expression in Equation (4.2) can be readily evaluated on a personal computer. An easily-calculated approximation for lI1x + iy) 12 that has adequate accuracy for beta spectral calculations (error ~ 0.013%) has been given by Wilkinson (1970 Wilkinson ( , 1993 and can be written:
Since spectra can be normalized by dividing by their areas, factors in Equation (4.2) .2), by W-Vand Wo-V, where V = 1.13 a 2 Z413 . This procedure fails at verx low energies where W-V < 1 and p = «W_V)2 -1)1/ becomes imaginary. At such energies, the spectrum can be approximated by
where Wand Wo should again be replaced by W-V and Wo-V. The value ofF(Z, W) given by Equation (4.2) is usually also corrected for finite nuclear size (Gove and Martin, 1971 ). This correction is significant only for Z> 50.
As Z increases, the values given by Equation (4.2) become increasingly inaccurate. Schenter and Vogel (1983) (Towner, 1985) was used for calculation of the first-forbidden, unique spectra included in Table D .1 (Appendix D). First-forbidden, non-unique transitions are often assumed to have allowed shapes, and this assumption was made for most of such spectra in Table D. 1. This table does not contain any second-forbidden, nonunique transitions. For many emitters, measured spectra for both allowed and forbidden transitions show some deviations from the theoretical shapes. These are summarized by Behrens and Szybisz (1976) . Where the deviations are large (e.g., 204TI, 21OBi) , shape factors derived from measured spectra have been used for the calculated spectra. Table D .1 (Appendix D) gives values for the betaray spectra of a number of nuclides of importance as standards, in research, or as beta-ray hazards. Maximum energies, intensities and spin changes for individual spectral components were taken from recent values in Nuclear Data Sheets. Components with contributions less than 0.3% were usually neglected. et al., 1983) . (Faw et al., 1990) .
For each emitter, values are given at energy intervals of 0.025 times the maximum energy of that emitter. Spectral values, N(E/E max ), are normalized such that the area under the curve equals the average number of beta particles emitted per disintegration. To obtain the number of beta particles per MeV at each energy, as is shown in Figure 4 .1, these values must be divided by Emax and the values of the energy axis (first column) multiplied by Emax.
The spectra shown in Figure 4 .1 illustrate the wide variety of spectral shapes. Graphs for more than 100 spectra are available in the literature (e.g., Martel, 1972 , Grau Malonda and Garcia-Torano, 1978 , 1981 , Cross et ai., 1983 . Decay schemes for many nuclides are shown in ICRP Publication 38 (ICRP, 1981) , while intensities and maximum energies of beta-ray spectral components are summarized by Kocher (1981).
Effects of Source Covering and
Transmission in Air
The spectra described above may be used as input data to calculations of beta-ray transport and dose distributions. However, spectra of beta particles reaching a detector from an actual laboratory source (which is usually covered) will often have quite different shapes, because of the energy dependence of -attenuation in the source covering -backscattering from the source backing -interactions in the air between the source and detector. The importance of these factors obviously varies with the maximum beta-ray energy, the cover thickness and material, the backing material and the distance between source and detector.
Some examples of the effects of attenuation in the covering on beta-ray spectra are shown in Figure 4 .2. These calculated spectra (Faw et al., 1990) are for the PTB Secondary Standard Sources, described in Tables 10.2 and 10.3. The curves give the original spectra while the histograms give spectra of beta particles emerging from the cover at angles within 30° of the normal to the source plane. They were all calculated by the CYL TRAN Monte Carlo code and include the effect of scattering from the source backing. These calculated spectra agree reasonably well with the measured spectra from the same sources, shown in Figure 10 .1.
This general change in spectral shape is typical also of the effect of interactions in the air through which beta rays pass. Whatever the original shape of the beta-ray spectrum from a point source is, after transmission through a certain amount of material, the spectrum of electrons moving close to the radial direction tends to peak near 40% of the maximum energy. This general shape persists over a considerable range of thicknesses. Some examples are shown by Grozev et al., (1992) and by Ehrlich et al., (1985) .
